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CELL-FREE TISSUE REPLACEMENT 
FOR TISSUE ENGINEERING 

FIELD OF THE INVENTION 

[0001] The present invention relates generally to the field of tissue engineering and specifically to 
the use of cell-free tissue replacements for promoting tissue regeneration. 

BACKGROUND OF THE INVENTION 

[0002] This application claims priority to pending provisional patent application Ser. No. 
60/414,278, filed September 27, 2002. The U.S. Government may own certain rights in this 
invention pursuant to the terms of the National Science Foundation Grant No. BES 9733156 and 
National Institute of Health Training Grant No. 732 GM 08474-09. 

[0003] Tissue engineering faces several challenges in the development of replacement tissue. First, 
the "replaced" tissue must promote tissue regeneration. In doing so, the replaced tissue must be 
compatible with the tissue it is replacing so that neighboring cells accept the replacement and do not 
disrupt tissue continuity. Importantly, the replaced tissue also has to overcome the immunologic 
challenges faced by any new addition to a biologic system, that of a "foreign body." Furthermore, to 
be successful, the replaced tissue must eventually exhibit the properties and function of tissue that it is 
replacing. For example, the replaced tissue should exhibit similar mechanical and structural 
properties of the native environment or at a minimum, not interfere with the native environment. The 
replaced tissue may also act as a scaffold to promote cellular regeneration. Finally, the replaced 
tissue should not stimulate scar formation that limits tissue regeneration or inhibits the natural 
function of the underlying tissue. 

[0004] Strategies for successful regeneration include the use of biologic or biocompatible materials 
to build a bridge across the injured area. While successful for some tissue, many biomaterials have 
been rejected or have promoted regional "scarring." In addition, the mechanical and structural 
differences that define the function of different types of tissue have proven difficult to overcome, 
especially for tissue such as nerves. 

[0005] These same strategies are modeled on the fabrication of synthetic or biocompatible tissue in 
vitro that is representative of a native tissue. One example is the use of vascular grafts using an 
acellular tubular structure that is then implanted at the injured site. The grafts will eventually be 
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invaded by normal cells and the tubular structure will remain viable over time. While promising for 
tissue with limited needs for mobility, these biocompatible structures are generally stiffer than the 
surrounding tissue and uncompromising in areas requiring flexibility. Alternatively, biodegradable 
scaffolds have been engineered with the hope that, over time, the degradable component(s) will be 
replaced by constituents that make up the normal tissue and will exert the same function as performed 
by the original tissue. The biodegradable scaffold strategy has seen limited success except to 
accelerate otherwise naturally occurring phenomena, and have not successfully replaced tissue with 
high structural or mobility requirements (e.g., bone, nerve, muscle). 

[0006] For some tissue (e.g. nerve tissue), several other techniques have been used to try to initiate 
tissue regeneration. For example, acute administration of hydrophilic polymer or polymer blends is 
used to seal nerve membranes. The polymer application may reconnect or fuse severed axons of 
damaged nerve membranes and may even promote recovery of excitability in some damaged nerve 
fibers. However, large injuries are ineffectively repaired using this method, where tension has been 
found to limit regeneration. 

[0007] Peripheral nerve allografts have shown some promising success, generally, in the presence of 
one or more immunosuppressive agents to reduce nerve rejection. The popularity of using nerve 
conduits for tissue regeneration has increased recently due to the need for alternative tissue 
reconstruction techniques that yield fewer complications and greater mobility for the individual. In 
fact, active regenerating fibers on a proximal stump of a nerve have been found to regenerate and 
progress as a fascicular unit in optimum condition at the trunk of another healthy nerve. 

[0008] There remains a need to improve tissue replacements, especially for tissue such as nerve that 
has proven difficult to regenerate with current tissue replacement strategies. The improved tissue 
replacement should maintain native characteristics of the tissue it is replacing, be able to incorporate 
bioactive compounds or molecules where necessary to promote rapid regeneration, and stimulate 
tissue repair and regeneration in the absence of tissue scarring that reduces tissue mobility and 
integrity. Despite current research efforts in tissue regeneration, there still exists a need for a 
clinically attractive alternative to autografts. 

SUMMARY OF THE INVENTION 

[0009] The subject matter of the present invention includes a novel method and composition for a 
replacement tissue that has undergone decellularization while retaining its native structure and 
integrity. By preserving the structure of the acellular replacement tissue, less remodeling is required 
by the host after implantation. The present inventors recognized that the native tissue itself serves as 



the most physiologic environment for tissue regeneration, that is, native tissue appears to be the most 
viable option for healthy regeneration. To repair a nerve over a gap, e.g., autologous nerve grafts are 
used herein to physically guide the regenerating axons and to prevent the infiltration of occluding 
connective tissue. The present invention overcomes several disadvantages of current art, namely, loss 
of function at the donor site, mismatch of nerve cable dimensions between the donor graft and 
recipient nerve, and the need for multiple surgeries. 

[0010] The present invention is a natural replacement tissue or graft not requiring difficult 
preparation steps with varying temperatures, radiation and/or harsh chemical treatments. The 
compositions and methods of the invention specifically remove the cellular components without 
significantly altering the natural extracellular structure. The native extracellular matrix (ECM) 
structure is preserved (referred to as intact structural components), specifically, the basal laminae and 
endoneurium/endothelial layer retain their natural and generally original structure. In one 
embodiment, the invention includes an optimized acellular nerve graft that supports axonal 
regeneration, guides the axons toward the distal nerve end and is tolerated immunologically. The 
optimized acellular nerve graft may be, e.g., an isograft, an autograft, an allograft and even a 
xenograft. 

[0011] In one form, the present invention is a method for preparing a native, cell-free tissue 
replacement that includes the steps of; washing the tissue replacement overnight in a solution 
comprising sulfobetaines, washing tissue replacement in serial solutions of a buffered salt, washing 
tissue replacement in a mixture of sulfobetaines with an anionic detergent, e.g., Triton X-200, and 
washing the tissue replacement in serial solutions of the buffered salt to remove excess detergent. 

[0012] The present invention is also a native, cell-free tissue replacement, e.g., made using the 
method of the present invention. In another form, the present invention is a kit for tissue replacement 
that a cell-free native tissue replacement. The kit may also include one or more solutions useful for 
re-suspending the cell-free native tissue replacement of the present invention, e.g., a buffered, sterile 
saline solution that is pharmacologically acceptable as will be know to the skilled artisan. 
Furthermore, the native, cell-free tissue replacement or graft may also include a vial or solution with 
cells that may be added to gaps to improve the growth of nerve and other cells, e.g., Schwann cells. 
The kit may further include an instruction sheet or booklet that provides the user with detailed 
instructions for the use and procedure for insertion of the native, cell-free tissue replacement. In one 
embodiment, the native, cell-free tissue replacement forms part of a suture, tube, sheet, film, scaffold, 
valve, limb replacement, tissue transplant, and joint for delivery into a host. 



[0013] The present invention is also an optimized acellular graft that supports axonal regeneration, 
guides the axons toward the distal nerve end and is immunologically tolerated. In one example, the 
graft is a nerve graft. The acellular graft may also include a cell, a polymer, a bioactive compound or 
combinations thereof and may be stored at a low temperature, e.g., about 0 to 4 degrees centigrade in 
5 a sterile, buffered solution until use. The temperature may be lower or higher depending on the 
solution in which the graft is stored before use, e.g., including one or more preservative agents. In 
one embodiment, the acellular graft may also include one or more cells placed in the gap between 
prior to graft implantation. The graft of the present invention is able to be implanted with reduced T- 
cell mediated immune response, e.g., CD8+ or CD4+ T cells. 

1 0 BRIEF DESCRIPTION OF THE DRAWINGS 

[0014] The above and further advantages of the invention may be better understood by referring to 
the following description in conjunction with the accompanying figures in which: 

Figure 1 depicts a flowchart for the preparation of the present invention; 

Figure 2 is a graph that summarizes a tissue immune response with CD8+ invasion in accordance 
1 5 with the present invention; 

Figure 3 is a graph showing the tissue immune response with macrophage invasion in accordance 
with the present invention; 

Figures 4A, 4B, 4C and 4D are longitudinal sections of tissue that were cut from (4A) fresh isografts, 
(4B) fresh allografts, (4C) optimized acellular isografts, and (4D) optimized acellular allografts that 
20 were harvested 28 days after implantation (Scale bar = 200 urn); 

Figure 5 is a graph that summarizes the cell-mediated immune response in the fresh and acellular 
nerve grafts was evaluated by determining the percentage of tissue covered by CD8+ cells. 

Figures 6A, 6B, 6C and 6D are longitudinal sections of tissue were cut from (6A) fresh isografts, (6B) 
fresh allografts, (6C) optimized acellular isografts, and (6D) optimized acellular allografts that were 
25 harvested 28 days after implantation (Scale bar = 200 um); 

Figure 7 is a graph that summarizes the level of macrophages present in fresh and acellular nerve 
grafts after 28 days was evaluated by determining the percentage of area stained in longitudinal tissue 
sections; 

Figures 8A, 8B and 8C show the Axonal regeneration through acellular nerve grafts was 
30 demonstrated by staining longitudinal tissue segments for neurofilaments. The random patterns in the 



4 



axons at the junctions of the proximal nerve and graft (8A) and the graft and distal nerve (8C) suggest 
a lack of guidance as the axons crossed into and out of the graft (Scale bar = 100 urn); 
Figures 9A, 9B, 9C and 9D are cross-sections of basal laminae were visualized by the staining of 
laminin protein, the ring-like appearance of the open tubes in (9A) fresh nerve tissue, (9B) tissue 
5 decellulanzed with the optimized protocol, and (9C) tissue decellularized with the freeze/thaw 
protocol (Scale bar = 10 um); and 

Kgures 10A and 10B are graphs that show the regenerative capacity of four nerve graft models was 
evaluated by measuring axon density in cross-sections of the grafts (10A) 28 days after ,mplantation 
and (10B) 84 days after implantation. 

1 0 DETAILED DESCRIPTION OF THE INVENTION 

[0016] While the making and using of various embodiments of the present invention are discussed 
herein in terms of a biomaterial for use as a tissue replacement (e.g., peripheral nerve graft, a tissue 
graft, or implant that can be used to study and stimulate growth and regeneration), a conducting 
polymer that can used to stimulate cell response, and method for preparing the biomaterial, it should 
be apprecmted that the present invention provides many inventive concepts which can be embodied in 
a w.de variety of specific contexts. The specific embodiments discussed herein are merely illustrative 
of ways to make and use the invention are not meant to limit the scope of the present invention in any 
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[0017] Terms used herein have meanings as commonly understood by a person of ordinary skill in 
the areas relevant to the present invention. Terms such as "a," "an," and "the" are not intended to 
refer to only a singular entity, but include the general class of which a specific example may be used 
for illustration. The terminology herein is used to describe specific embodiments of the invention but 
their usage does not limit the invention, except as outlined in the claims. All technical and scientific 
terms used herein have the same meaning as commonly understood by one of ordinary skill in the art 
to which this invention belongs, unless defined otherwise. Methods and materials similar or 
equivalent to those described herein may be used in the practice or testing of the present invention 
the generally used methods and materials are now described. The following abbreviations are used 
herein: extracellular matrix (ECM), sulfobetaine-10 (SB-10), sulfobetaine-16 (SB-16) 3 3' 
diammobenzidine (DAB), Harlan Sprague-Dawley (HSD), horseradish peroxidase (HRP), 'major 
histocompatibility complex (MHC) and phosphate buffered saline (PBS). 

[0018] There is currently no effective treatment for damage to central nervous system (CNS) nerves 
or for absolute tissue regeneration, although drugs can reduce swelling and damage to tissue such as 
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the spinal cord. In contrast to spinal cord injury, there exist therapies, although not optimal, for the 
treatment of damaged peripheral dssue such as nerves. Current clinical treatments for penpheral 
nerve injury are surgical end-to-end anastomoses and autologous nerve grafts. Surgical end-to-end 
repair mvolves the direct reconnects of individual nerve fascicles and is useful only if nerve ends 
are directly adjacent, as tension in the nerve cable prohibits regeneration. 

[0019] A replacement is needed for the auto.ogous graft, the primary clinical treatment of penpheral 
nerve mjunes that involve a defect too large to be reared by end-to-end reconnects. As descnbed 
heremabove, the present inventors have developed an optimized acellular nerve allograft that retains 
the extracellular structure of peripheral nerve tissue via an improved chemica. decellularizanon 
treatment. The decellularization process removes cellular membranes from nerve tissue, thus 
eliminating the antigens responsible for allograft rejection. 

[0020] The present invention describes the composition and method of a natural-based biomatenal 
graft developed from native tissue that is free of cells while retaining the intrinsic structure and 
architecture of the native tissue. As used herein the term "native, cell-free tissue replacement" is used 
to describe a tissue that has been removed from a host animal (live or cadaveric) that has been treated 
according to the present invention (also referred to as "acellular grafts"). The term "optimized 
acellular nerve allograft," as used herein is used to describe a native, nerve cell-free tissue 
replacement allograft. As used herein, the terms "cell-free," "acellular," "decellu.ar," are used 
interchangeably and all represent a tissue generally absent of cells, e.g., living cells. The removal or 
absence of cells will depend on the detergent, and conditions used for removal of cells The level of 
cell removal will depend on the exact source, methodology and need for the removal of cells By cell 
removal a broad range of removal may be used with the present invention, e.g., removal of 70 80 90 
95, 99 or about 100 percent of living cells is included. The extent of cell removal reduces' the 
hkehhood of a strong immunologic rejection when using a non-autologous tissue source or a source 
of tissue that is not matched in terms of histocompatibility, e.g., from a donor from the same or even a 
different species (a xenograft). 

[C021J The term "acellular graft" as used herein refers ,o biolog.cal materia, derived iron, a donor for 
transput tat0 , reclpien , ^ ^ „ ^ ^ ^ ^ ^ 

whether from cadavers or living donor, In some cases it is useful that t he source of the graft donor is 
matched for HLA class I and/or class II antigens with the recipient or host. 
[0022] The term •■mammal" refe. ,„ any animal host classtfied as a mammal, including humans 
domesftc and fann animals, and zoo, spores, or pe , animals, such as dogs, horses, cats, cows, e.e By 
compattble" is mean, a mammalian host tha, will aeeep, the donated graft, e.g., a human host If 
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both the donor of the graft and the host are human, they are preferably matched for HLA class II 
antigens so as to improve histocompatibility. The present invention, however, serves to overcome 
problems with problems generally associated with lack of histocompatibility by providing a tissue 
replacement that does not stimulate the host immune response. 

[0023] The term "donor" as used herein refers to the mammalian species, dead or alive, from which 
the graft is derived, e.g. a human donor. Human donors may be volunteers that are blood-related 
donors that are normal on physical examination and of the same major ABO blood group, because 
crossing major blood group barriers possibly prejudices survival of the allograft. 

[0024] The term "transplant" and variations thereof refers to the insertion of a graft into a host, 
whether the transplantation is syngeneic (where the donor and recipient are genetically identical),' 
allogeneic (where the donor and recipient are of different genetic origins but of the same species), or 
xenogeneic (where the donor and recipient are from different species). Thus, in a typical scenario, the 
host is human and the graft is an isograft, i.e., derived from a human of the same or different genetic 
origins. The graft, herein referred to as native, cell-free tissue replacement tissue, may be used as a 
simplified model system with which to study the various stages and critical factors involved in tissue 
regeneration. In addition, the model native, cell-free tissue replacement tissue may be used for 
clinical applications. The replacement tissue is created generally from human cadaver tissue, 
however, other tissue sources such as from the host or a donor, be it human or other mammal, may be 
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[0025] An optimized combination of detergents in a salt and phosphate buffered solution are used in 
methods of the present invention. The detergents include sulfobetaines with a hydrophilic tail 
composed of 10 to 16 carbons and Triton X-200. Detergents used in the present invention are those 
that specifically rupture cells inside the tissue but do not damage the structural proteins (those that 
include the extracellular matrix). Cellular debris may be removed using a number of techniques 
known in the art, such as washing with buffered isotonic solutions and/or physically removing other 
non-structural debris such as fat. Compared to an allograft, the resulting acellular replacement tissue 
elicits a significantly reduced immunologic response because surface cell antigens have been 



removed. 



[0026] Several uses of the present invention include: 1) as b.ocompatible biomaterial that is generally 
non-immunogenic; 2) as a structural foundation for other soluble factors to promote tissue- and host- 
specific, tissue regeneration; and 3) as a research tool to study the host response to replacement tissue 
structure. The present invention also includes a replacement tissue that is a native, generally acellular 
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tissue with processible, biolog 1C) tractive, and/or biodegradable features. Preparation of the present 
invention and examples are further provided below. 

[0027] Tissue Replacement Compositions and Delivery. The present invention may be del.vered to 
the body m the form of a modified native, cell-free tissue replacement structure in the form of e g 
sutures, tubes, sheets, films, valves, joints, vessels, and scaffolds. These modified native cell-free 
tissue replacement structures (also referred herein as scaffolds) are thus prepared using the methods 
taught herein and modified as discussed below. For example, the native, cell-free tissue replacement 
may be cast using procedures known to those skilled in the art. 

[0028] While cells are generally removed from the present invention, it may be acceptable and often 
necessary to reintroduce one or more different type of cells to the present invention. These cells may 
be obtained direct from a donor, from a culture of cells from a donor, or from cell culture Donor 
cells are generally obtained by biopsy and grown to confluence in culture using standard conditions 
apparent to those of skill in the art. The donor or cells obtained from the donor may be 
immunosuppressed as needed, for example, using a schedule of steroids and other 
■mmunosuppressant drugs, if required. Immunosuppression of the host may prov,de 
immunoprotection of cell transplants while a new tissue or tissue equivalent is growing by excluding 
the host immune system. In addition, the present invention may be used to provide multiple cell 
types, including genetically altered cells, clones or transplants, within the three-dimensional 
architecture of the present invention for the purpose of transplant engraftment, immunotherapy 
cognitive function, tissue regeneration, repair or reconstruction. Examples of cells include, but are 
not limited to, chondrocyte, osteoblast, muscle cell, thyroid cell, parathyroid cell, immune cell 
pancreatic cell, fibroblast, hepatocyte, epithelial cell, islet cell, nerve cell, and other cells acting 
primarily to synthesize and secrete or metabolize materials, as well as biopsied or cloned cells of the 
intestmes, lodney, heart, brain, spina, cord, muscle, skeleton, liver, stomach, skin, lung, reproductive 
system, nervous system, immune system, spleen, bone marrow, lymph nodes, glands. 
[0029] Alternatively, the present invention may include bioactive molecules formulated with one or 
more active species so that the present invention becomes a earner for one or more active species 
Whether native or casted, the native, cell-free tissue replacement may also include active agents 
incorporated into an added polymer or polymer solution (e.g., a polymer scaffold) or may be attached 
direct y to the surface of or within the present invention using techniques readily apparent to those 
skilled in the art. For example, the active agents may be added by curing on and into the native cell- 
free tissue replacement, bonded ionically, covalently and/or using a crosslinking agent eg a 
cleavable cross-linking agent. ' ' 
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[0030] In some instances, it may be useful to incorporate or attach the inactive version of the active 
agent or species (active agent and species may be used interchangeably) that can then be activated to 
the active species as needed and required, possibly in a time-released manner, light-activated (e.g., 
UV) activated in situ by local enzymes or by providing the site with an activating agent exogenously,' 
e.g., providing a patient with an oral activating agent. The active agent may be a drug or other 
biologically active compound; thus the present invention may be a microcarrier for the delivery of 
drugs or other biologically active compounds when used in the body. Examples of biologically active 
compounds are proteins, peptides, polysaccharides, nucleic acids, oligonucleotides, natural and 
synthetic organic or inorganic molecules, and those biologic molecules used for therapeutic 
prophylactic or diagnostic purposes. Dru gs may include antibiotics> chemotherapeutic ' 
agents, immunosuppressive agents, growth factors, anti-angiogenic agents, hormones, anti- 
inflammatory agents, drugs having an effect on vascular flow, cellular metabolics, or that are 
effective against one or more diseases and/or combinations thereof. 

[0031] Other active agents may also be included with the present invention, e.g., non-steroidal anti- 
inflammatory drugs (NSAIDs) such as propionic acid derivatives; acetic acid derivatives; fenamic 
acid derivatives; biphenylcarboxylic acid derivatives; and oxicams. Examples of propionic acid 
derivatives include: ibuprofen, naproxen, ketoprofen, flurbiprofen, fenoprofen, suprofen, fenbufen 
and fluprofen may be mentioned as preferred compounds. Acetic acid derivatives derivatives 
include: tolmetin sodium, zomepirac, sulindac and mdomethacin. Fenamic acid derivatives 
derivatives include: mefenamic acid and meclofenamate sodium. Diflunisal and flufenisal are 
biphenylcarboxylic acid derivatives, while oxicams include piroxicam, sudoxicam and isox,cam 
Other analgesics for use with the present invention include acetominophen and phenacetin Those 
skilled in the art will appreciate that any of the foregoing compounds may be used in the form of their 
Pharmaceutical^ acceptable salt forms, e.g. -carboxylic acids with potassium or sodium counter-ions 
and the like. The present invention may, therefore, be selectively combined with cells and/or 
bioactive compounds (e.g., those with active species) to promote tissue/limb reconstruction tissue 
regeneration, or tissue/cell/limb transplantation and engraftment. For example, the present invention 
with cells may be combined with one or more active species such as angiogenic factors, antibiotics 
ant-inflammatories, growth factors, alone or in combination with other compounds that induce 
30 differentiation and/or cell and tissue growth and regeneration. 

[0032] Other additives conventionally used in implantable compositions may be included, which are 
well known in the art. Such additives include, e.g.,: anti-adherents (anti-sticking agents, glidants 
flow promoters, lubricants) such as talc, magnesium stearate, fumed silica), nucronized silica 
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polyethylene glycols, surfactants, waxes, stearic acid, stearic acid salts, stearic acid derivatives, 
starch, hydrogenated vegetable oils, sodium benzoate, sodium acetate, leucine, PEG-4000 and 
magnesium lauryl sulfate. 

[0033] Other additives include, binders (adhesives), i.e., agents that impart cohesive properties to 
powdered materials through particle-particle bonding, such as matrix binders (dry starch, dry sugars), 
film binders (PVP, starch paste, celluloses, bentonite and sucrose), and chemical binders (polymeric 
cellulose derivatives, such as carboxy methyl cellulose, HPC and HPMC; sugar syrups; com syrup; 
water soluble polysaccharides such as acacia, tragacanth, guar and alginates; gelatin; gelatin 
hydrolysate; agar; sucrose; dextrose; and non-cellulosic binders, such as PVP, PEG, vinyl pyrrolidone 
copolymers, pregelatinized starch, sorbitol, and glucose). 

[0034] For certain implanted composition that also include active agents it may be useful to provide 
buffering agents (or bufferants), where the acid is a pharmaceutical^ acceptable acid, such as 
hydrochloric acid, hydrobromic acid, hydriodic acid, sulfuric acid, nitric acid, boric acid, phosphoric 
acid, acetic acid, acrylic acid, ad,p lc acid, alginic acid, alkanesulfonic acid, amino acids, ascorbic 
acid, benzoic acid, boric acid, butyric acid, carbonic ac.d, citric acid, fatty acids, formic acid, fumaric 
acid, gluconic acid, hydroquinosulfonic acid, isoascorb 1C acid, lactic acid, maleic acid, 
methanesulfonic acid, oxalic acid, para-bromophenylsulfonic acid, propionic acid, p-toluenesulfonic 
acid, salicylic acid, stearic acid, succinic acid, tannic acid, tartaric acid, thioglycolic acid, 
toluenesulfonic acid and uric acid, and where the base is a pharmaceutical^ acceptable base, such as 
an amino acid, an amino acid ester, ammonium hydroxide, potassium hydroxide, sodium hydroxide, 
sodium hydrogen carbonate, aluminum hydroxide, calcium carbonate, magnesium hydroxide,' 
magnesium aluminum silicate, synthetic aluminum silicate, synthetic hydrotalcite, magnesium 
aluminum hydroxide, diisopropylethylamine, ethanolamine, ethylenediamine, triethanolamine, 
triethylamine, triisopropanolamine, or a salt of a pharmaceutical^ acceptable cation and acetic acid,' 
acrylic acid, adipic acid, alginic acid, alkanesulfonic acid, an amino acid, ascorbic acid, benzoic acid,' 
boric acid, butyric acid, carbonic acid, citric acid, a fatty acid, formic acid, fumaric acid, gluconic' 
acid, hydroquinosulfonic acid, isoascorbic acid, lactic acid, maleic acid, methanesulfonic acid, oxalic 
acid, para-bromophenylsulfonic acid, propionic acid, p-toluenesulfonic acid, salicylic acid,stearic 
acid, succinic acid, tannic acid, tartaric acid, thioglycolic acid, toluenesulfonic acid, and uric acid. 
[0035] In some compositions additives may also include: chelating agents (such as EDTA and EDTA 
salts); colorants or opaquants (such as titanium dioxide, food dyes, lakes, natural vegetable colorants, 
iron oxides, silicates, sulfates, magnesium hydroxide and aluminum hydroxide); coolants (e.g.,' 
trichloroethane, trichloroethylene, dichloromethane, fluorotrichloromethane); cryoprotectants (such as 
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trehelose, phosphates, citric acid, tartaric acid, gelatin, dextran and mannitol); and diluents or fillers 
(such as lactose, mannitol, talc, magnesium stearate, sodium chloride, potassium chloride, citric acid, 
spray-dried lactose, hydrolyzed starches, directly compressible starch, microcrystalline cellulose, 
cellulosics, sorbitol, sucrose, sucrose-based materials, calcium sulfate, dibasic calcium phosphate and 
dextrose). 

[0036] It should be appreciated that there is considerable overlap between the above-listed additives 
in common usage, since a given additive is often classified differently by different practitioners in the 
field, or is commonly used for any of several different functions. Thus, the above-listed additives 
should be taken as merely exemplary, and not limiting, of the types of additives that can be included 
in compositions of the present invention. The amounts of such additives may be readily determined 
by one skilled in the art, according to the particular properties desired. 

[0037] One method of the present invention is a native, cell-free tissue replacement (with or without 
cells) that has been at least partially purified (in a purifed or inactive form) in a buffered solution as 
outlined in the flowchart of Figure 1. The native, cell-free tissue replacement purified as 
demonstrated herein may also include one or more active agents may or may not then be trapped 
within and/or on the invention by a variety of means, including, but not limited to, cross-linking the 
active agents to the native, cell-free tissue replacement of the present invention. Non-adsorbed or 
trapped molecules (and or cells) are washed off prior to use. Alternatively, the one or more active 
agents may be dried directly onto the surface of the present invention or may be cross-linked to, e.g., 
a polymer or saccharide (with or without cells), that is incorporated onto the surface of or within the 
present invention. 

[0038] For example, one or more active and inactive agents factors may be mixed in a slow-release 
form with a cell-saccharide suspension and allowed to contact and permeate the present invention 
prior to its implant or transplantation. The saccharide may then be cross-linked to trap the cells 
within and on the present invention. Alternatively, a polymer solution may be modified to bind the 
one or more agents or signal recognition sequences prior to its combination with a suspension of cells. 
In one embodiment of the present invention the agents, active or inactive, may include whole, 
partially purified or purified proteins, saccharides, lipids and the like from tissue humors, e.g., blood, 
tissue ascities, peritoneal lavage and the like, as will be known to the skilled artisan. 

[0039] The native, cell-free tissue replacement of the present invention may also be used for direct 
implantation and/or injection. When used to repair tissue, promote regeneration, replace damaged 
cells, enhance growth, proliferation and differentiation or for transplantation, reconstruction, and 
improved tissue, organ or limb function, the effectiveness of the present invention (including the cells 
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and/or active species components where applicable) can readily be optimized by those skilled in the 
art without undue experimentation by using the methods described herein. 

[0040] The present invention may be implanted with materials that include sutures, tubes, sheets, 
adhesion prevention devices, wound healing products, tissue healing agents and other tissue or cell 
growth promoters that further enhance the effectiveness of tissue regeneration. In addition, when 
provided with an electrically conductive material a voltage or current may be applied directly to the 
present invention at the repair, implant, transplant or reconstruction site. Polymers or other molecules 
with piezoelectric or electrically conducting properties may also be incorporated into the present 
invention. Several electroactive polymers exist including piezoelectric (e.g., polyvinylidene fluoride) 
and electrically conducting materials (e.g., polypyrrole (PP), and polythiophene). Since piezoelectric 
materials depend on small mechanical deformations to produce transient surface charges, the level 
and duration of focused stimulation cannot be controlled. In contrast, electrically conducting 
polymers readily permit external control over both the level and duration of stimulation. Thus, 
strategies designed to enhance the regeneration of a responsive cell might employ electrically 
conducting polymers. For diagnostic purposes, the present invention may be incorporated not only 
with molecules containing active species but also with one or more detectable agents or molecules 
that allows for the diagnosis, monitoring and/or prophylactic measures. Examples of suitable 
detectable agents include dyes, labels, metals, detection devices, and electronic chips. 
[0041] Thus, the methods used to prepare the present invention and the composition of the present 
invention serve several beneficial functions when used in mammals, including regenerative, 
restorative, reconstructive, therapeutic, prophylactic, and diagnostic functions. Applications include 
its use as a graft, implant, scaffold, limb replacement, in transplantation, muscle or tissue resection, 
and as a tube, sheet, film, vessel or nerve. 

[0042] Example 1. Preparation of Native Cell-free Tissue. Solutions used for the preparation of 
native, acellular nerve tissue include, e.g., RPMI medium, double distilled water (ddH20), 100 mM 
Na/50 mM phosphate buffered solution, 50 mM Na/10 mM phosphate buffered solution, SB-10 (5X 
CMC) in 50 mM Na/10 mM phosphate buffered buffer solution, an anionic surface-active detergent 
(such as Triton X-200/SB-16 [0.07%/5X CMC] in 50 mM Na/10 mM phosphate buffered solution) 
All solutions were e.ther filter sterilized or autoclaved as appropriate for the preparation of samples to 
be used in a sterile field; techniques of which are readily apparent to those of skill in the art. 
Examples of anionic surface-active detergents that may be used and adapted with the method of the 
present invention include, e.g., TRITON X-200, TRITON W-30 Cone, TRITON GR-5M, TRITON 
GR-7M, TRITON DF-20, and TRITON QS-44. 
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[0043] In advance of retrieving the tissue, sterile RPMI medium is added to, e.g., a 15 mL conical 
tube and kept on ice. The sciatic nerve tissue from a donor animal is generally harvested using sterile 
techniques. Harvested tissue is immediately placed in cold RPMI medium, preferably under a flow 
hood or in a sterile environment (e.g., operating room), and return tube to ice. Tissue is then arranged 
for viewing under a dissecting microscope in the laminar flow hood, preferably wiped down in 
advance with a sterile solution such as 70% ethanol. A dissecting microscope may not be necessary 
for larger tissue that is readily viewed by eye. It will generally be useful to clean the fat, excess blood 
and other tissue or tissue debris from the tissue to be implanted in a sterile environment and while in a 
nutrient media. Nerve tissue, for example, may be placed in a sterile Petri dish filled with nutrient 
medium such as RPMI. Nerve is best viewed under the microscope to remove excess fat and 
connective tissue. 

[0044] After cleaning the tissue, tissue is placed in a sterile tube containing ddH 2 0. Again, to 
maintain sterility, all remaining steps should generally be performed in a sterile environment such as 
a laminar flow hood, clean room or other similar sterile field. Tissue is rinsed in ddH 2 0 for about 7 
hours with several changes of solution. Solutions may be removed after each change using a sterile- 
tipped vacuum aspirator, where the tissue is first centrifuged to keep it at the bottom of the tube. 
Several additional washing solutions follow, including: SB-10 solution, solution overnight; three 
times in 100 mM Na/50 raM phosphate buffered solution, washes should be about 15 minutes each; 
Triton X-200/SB-16 solution for about 24 hours; three times in 100 mM Na/50 mM phosphate 
buffered solution, washes should be about 15 minutes each; SB-10 solution for about 7 hours; three 
times in 100 mM Na/50 mM phosphate buffered solution, washes should be about 15 minutes each; 
Triton X-200/SB-16 solution, overnight; three times in 100 mM Na/50 mM phosphate buffered 
solution, washes should be about 15 minutes each. Tissue can then be stored at a low temperature, 
e.g., about 4 degrees Centigrade (4°C) in 50 mM Na/10 mM phosphate buffered solution until use. 
The compositions and methods disclosed herein allow for the use of other detergent combinations for 
the removal of cells without creating structural damage (thereby retaining extracellular matrix and 
essential components), as will be recognized by the skilled artisan. Detergents and conditions for the 
use of the detergents, buffers and ionic conditions that mimic those disclosed herein may be used by 
the skilled artisan and are encompassed by the present invention. 

[0045] Immune Response of Native Cell-free Tissue. The immune response of tissue prepared with 
the method of the present invention show that the native cell-free tissue adapts to its environment and 
is not rejected. Furthermore, the composition of the present invention (the native cell-free tissue) is 
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not rejected as other tissue replacements or allografts typically are. Examples of this are presented in 
more detail below. 

[0046] Native-cell free tissues were evaluated for their immune response following implantation as a 
cell-free sciatic nerve graft. Four conditions were evaluated and include: 

1. Fresh isografts (i.e., not treated with methods of the present invention) removed/harvested 
from three Lewis rats (i.e., the donors) and implanted, one each, into three Lewis rats (i.e., the 
hosts); 

2. Fresh allografts (i.e., not treated with methods of the present invention) removed/harvested 
from five Lewis rats (i.e., the donors) and implanted, one each, into five Harlan Sprague Dawley 
rats (i.e., the hosts); 

3. Cell-free native tissue allografts (i.e., treated with the methods of the present invention) 
removed/harvested from five Lewis rats (i.e., the donors) and implanted, one each, into five 
Harlan Sprague Dawley rats (i.e., the hosts); and 

4. Cell-free native tissue isografts (i.e., treated with the methods of the present invention) 
removed/harvested from three Sprague Dawley rats (i.e., the donors) and implanted, one each, 
into three Harlan Sprague Dawley rats (i.e., the hosts). 

[0047] Conditions 2 and 4 were used specifically because Lewis and Harlan Sprague Dawley rats 
express different RT1 halotypes, and, in general, are found to reject tissue that is not from the same 
species (i.e., Harlan Sprague Dawley reject tissue from Lewis rats and vice versa). The same-strain, 
fresh isograft implant (condition 1) was used to examine the immune response resulting from 
implantation of a graft containing viable cells. This condition is largely compatible with the current 
clinical approach (the autograft) used for several types of tissue repair, such as nerve tissue repair. 
The cross-strain, fresh allograft implant (condition 2) was used as a typical positive rejection immune 
response. Condition 3 or the cross-strain, cell-free native tissue allografts were used to determine if 
immunologic rejection occurred after using a composition and method of the present invention. And 
condition 4 using the same-strain cell-free native tissue isograft was designed to evaluate 
immunologic responses after surgery employing the composition and methods of the present 
invention. 
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[0048] Observed immune responses that were followed were CD8+ invasion and macrophage 
invasion. Macrophages are immune cells that are released in response to injury and believed to be 
one cell responsible for clearing the debris that occurs at and near the site of injury. It is believed that 
when foreign bodies are introduced at the site of injury, such as during tissue replacement or grafting, 
macrophages will invade the site in even higher numbers and are, thus, involved in clearing the site of 
all foreign bodies, including the graft. This is especially true when a graft is rejected. 

[0049] Rat T-cytotoxic lymphocytes are CD8+ cells, and are also used as indicators of foreign body 
rejection, including graft or implant rejection. A subset of CD8+ cells are found at a site of injury 
(e.g., after sciatic nerve injuries), even in the absence of immunologic rejection. Therefore, 
macrophages and some CD8+ cells are generally present after an implantation, tissue replacement, 
transplantation or grafting procedure. On the other hand, a significant increase in CD8+ cells in the 
absence of a large number of macrophages generally indicates rejection of the implant, replacement, 
transplant, or graft. 

[0050] All grafts were implanted in the right sciatic nerve of male rats at least about 350g in weight. 
Rats were allowed to recover for 28 days and then anesthetized to expose the implanted grafts. 
Following fixation of each graft from each rat, grafts were extracted, embedded in paraffin, sectioned, 
sections attached to glass slides, and stained for invading CD8+ and macrophage cells. Methods used 
for graft fixation, extraction, paraffin embedding, and sectioning are those readily apparent to one of 
ordinary skill in the art of tissue preparation and histology. 

[0051] Tissue sections were stained for the presence of macrophages and CD8+ cells. Sections were 
viewed under a microscope, and several images of each section were captured with a digital camera. 
Using image analysis software, the percentage of graft tissue that was positively stained for either 
macrophages or CD8+ cells was determined. 

[0052] Figure 2 is a graph that shows the percentage of CD8+ cells that were present after 
independent grafting using each of the four conditions. Figure 3 is a graph that shows the percentage 
of macrophage cells that were present after independent grafting using each of the four conditions. 
The CD8+ cell invasion results shows that the cross-strain, fresh allograft (condition 2) is undergoing 
rejection. The levels of CD8+ cells in the cell-free native tissue grafts (conditions 3 and 4) is lower 
than that observed with the same-strain, fresh isograft (condition 1). Therefore, the cell-free native 
tissue grafts are not eliciting an increased T-cytotoxic lymphocyte invasion, and thus, not undergoing 
immunologic rejection. 
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[0053] Macrophage invasion into the cross-strain, fresh allograft (condition 2) was the highest, as 
would be expected for a graft undergoing rejection. The two cell-free native tissue grafts (conditions 
3 and 4) showed lower macrophage invasion than the cross-strain, fresh allograft (condition 2), but 
both were higher than the same-strain, fresh graft (condition 1), and indicates that an immune 
5 response is occurring the cell-free tissue; however the immunologic response is not considered to be a 
rejection, as is evident from the CD8+ stain. The increased level of macrophages could be the result 
of several factors, including the more open structure of the cell-free native tissue grafts, compared to 
the mass transfer inhibiting compact nature of fresh grafts. 

[0054] The most important finding is that the level of CD8+ cells in the two cell-free native tissue 
10 grafts (conditions 3 and 4) is on the same order as that seen in the fresh isografts (condition 1), 
despite the increase in macrophage levels. Thus, the cell-free native tissue grafts are not undergoing 
immunological rejection. 
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TABLE 1. 





Sect. 1 + 


Sect. 2 + 


Sect. 3 + 


Sect. 4 + 


Sect. 5 + 






Avg. % 






Area 


Area 


Area 


Area 


Area 


Avg. Area 


% Coverage 


Coverage 


Ma Uev 


Condition 1 


5. 0/l 




1 


8.37 


6.86 


10.26 


12.18 


10.51 


9.636 


3.778824 






2 


11.46 


12.36 


10.88 


13.42 


9.7 


11.564 


4.534902 






3 


5.6 


5.32 


9.06 


4.78 


9.67 


6.886 


2.700392 






Condition 2 


5. /Uj 




4 


23.39 


21.78 


22.05 


25.12 


22.79 


23.026 


9.029804 






5 


19.76 


21.05 


23.69 


28.14 


20.1 


22.548 


8.842353 






9 


34.84 


22.45 


25.2 


29.17 


40.48 


30.428 


11.93255 






12 


14.8 


17.61 


15.3 


15.02 


16.5 


15.846 


6.214118 






15 


22.45 


18.21 


17 


19.25 


18.67 


19.116 


7.496471 






Condition 3 




U.OJ / 


6 


4.23 


3.98 


5.26 


4.79 


4.52 


4.556 


1.786667 






7 


6.11 


5.31 


5.29 


4.11 


5.61 


5.286 


2.072941 






8 


4.46 


4.93 


5.32 


5.49 


4.62 


4.964 


1.946667 






11 


6.72 


9.59 


8.07 


10.39 


5.91 


8.136 


3.190588 






14 


3.12 


3.65 


3.58 


3.77 


4.44 


3.712 


1.455686 






Condition 4 


1.574 


0.331 


13 


2.35 


3.74 


3.3 


3.48 


3.3 


3.234 


1.268235 






16 


3.9 


4.3 


4.12 


2.68 


4.48 


3.896 


1.527843 






17 


4.47 


6.06 


3.65 


4.74 


5.64 


4.912 


1.926275 







Abbreviations are: Sect. = section; Avg. = average; + = positively stained; Std Dev = standard 
deviation. 



[0055] Applications of the present invention include the treatment of injuries (surgical or non- 
5 surgical and spinal cord or non-spinal cord injuries), in plastic and reconstructive surgery, for 
transplantation or as implants, especially in difficult tissue such as peripheral nerve tissue. 

[0056] Example 2. Replacement Nerve Tissue Graft. A replacement is needed for the autologous 
graft, the primary clinical treatment of peripheral nerve injuries that involve a defect too large to be 
repaired by end-to-end reconnection. As described hereinabove, the present inventors have 
10 developed an optimized acellular nerve allograft that retains the extracellular structure of peripheral 
nerve tissue via an improved chemical decellularization treatment. The decellularization process 
removes cellular membranes from nerve tissue, thus eliminating the antigens responsible for allograft 
rejection. 

[0057] In this example, the optimized acellular grafts were tested in vivo for their immunogenicity 
15 and regenerative capacity using a well-established rat model system for immunological response of 
nerve tissue transplants. To test the immunogenicity of the acellular grafts, nerve tissue from Harlan 
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Sprague-Dawley rats was decellularized and implanted into Lewis rats for 28 days. Histological 
examination of the levels of CD8+ cells and macrophages that infiltrated the acellular grafts 
suggested that the decellularization process averted cell-mediated rejection of the grafts. In a 
subsequent experiment, regeneration in the optimized grafts after 28 and 84 days was compared to 
5 that in fresh isografts and two published acellular graft models. It was found that using the present 
invention, the average axon density at the midpoint of the optimized graft was statistically 
indistinguishable from that in the fresh isograft at both time points, 96% and 910% higher than in the 
thermally decellularized model described by Gulati (1988), and 42% and 401% higher than in the 
chemically decellularized model described by Sondell et al. (1998). Using the present invention, the 
10 optimized acellular grafts were immunologically tolerated by the removal of cellular material and 
preservation of the ECM accomplished with the decellularization process described hereinabove and 
are both beneficial for promoting regeneration through an acellular nerve graft. 

[0058] Materials and Methods: Creation of Grafts. To create the optimized acellular grafts, both the 
left and right sciatic nerves were harvested under aseptic conditions from 350 g Harlan Sprague- 

15 Dawley (HSD) male rats. All chemicals were purchased from Sigma (St. Louis, MO) unless 
otherwise noted. All solutions were autoclaved or filter sterilized prior to use. The tissue was 
handled only by the ends to minimize structural damage. When harvested the nerves were 
immediately placed in RPMI 1640 solution at 4°C. All subsequent steps were conducted in a laminar 
flow hood for sterility. Fatty and connective tissue were removed from the nerve epineurium. The 

20 nerve tissue was cut into 15 mm segments and placed in a 15 ml conical tube filled with deionized 
distilled water. All washing steps were carried out at 25°C with agitation. After 7 hours, the water 
was aspirated and replaced by a solution containing 125 mM sulfobetaine-10 (SB-10), 10 mM 
phosphate, and 50 mM sodium. The nerves were agitated for 15 hours. The tissue was then rinsed 
once for 15 minutes in a washing solution of 50 mM phosphate and 100 mM sodium. Next, the 

25 washing solution was replaced by a solution containing 0.14% Triton X-200, 0.6 mM sulfobetaine-16 
(SB-16), 10 mM phosphate, and 50 mM sodium. After agitating for 24 hours, the tissue was rinsed 
with the washing solution 3 times at 5 minutes per rinse. The nerve segments were again agitated in 
the SB-10 solution (7 hours), washed once, and agitated in the SB-16/Triton X-200 solution (15 
hours). Finally, the tissue segments were washed 3 times for 15 minutes in a solution containing 10 

30 mM phosphate and 50 mM sodium, then stored in the same solution at 4°C. 

[0059] Acellular nerve grafts were also created according to previously established methods as a 
basis for comparison. The chemically decellularized model was created by a protocol published by 
Sondell, et al. Briefly, the nerve tissue was agitated in distilled water for 7 hours, 46 mM Triton X- 
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100 in distilled water overnight, and then 96 mM sodium deoxycholate in distilled water for 24 hours. 
These steps were repeated before performing a final wash in distilled water. All treatment steps were 
performed at room temperature and the tissue was subsequently stored in a 10 mM phosphate 
buffered saline (PBS) solution at 4°C. 

[0060] The thermally decellularized model (i.e., a freeze/thaw graft) was created according to the 
protocol described by Gulati, et al. Immediately after harvest, the nerve tissue was dipped in liquid 
nitrogen for 20 seconds, thawed in PBS at room temperature for 60 seconds, and then the process was 
repeated four additional times. The grafts were placed in PBS at room temperature and used within 
30 minutes. 

[0061] Implantation of Grafts. Isografts and allografts were used to study the immunogenicity of the 
optimized acellular grafts. Isografts were harvested from a donor animal (e.g., Lewis rat) of the same 
strain as the host animal (e.g., Lewis rat); they mimic the autograft. The autografts served as a 
negative control, as the immune response would only be due to the surgical procedure. Allografts 
were harvested from a donor animal (e.g., HSD rat) of a different strain than the host animal (e.g., 
Lewis rat). The fresh allograft served as a positive control since it elicits a cell-mediated rejection. 
The acellular isograft was used to examine the in vivo response to the treatment protocol (e.g., the 
response to residual chemicals). 

[0062] Table 2 summarizes the test conditions and controls for immunological tolerance determined. 
The optimized acellular graft was inspected for residual antigens by implanting an acellular allograft. 
In summary, a total of four conditions studied were tested: (a) fresh isografts (n=6) (b) fresh allografts 
(n=5); (c) optimized acellular isografts (n=5); and (d) optimized acellular allografts (n=5) (Table 2). 

Table 2: Implants to Examine Immunological Tolerance of Optimized Grafts 



Graft Type 



Donor 
Strain 



Host 
Strain 



Number of 
Implants 



Analyzing Response to: 



Fresh Isograft 



Lewis* 
HSD t 



Lewis 
HSD 



Surgical procedure 
(negative control) 



Fresh Allograft Lewis 



HSD 



Acellular Isograft HSD 



HSD 



Natural antigens (positive 
control) 



Treatment protocol 



Acellular 
Allograft 



Lewis 



HSD 



Residual antigens 



* Lewis rats are an inbred strain (i.e., greater than 98% genetic homogeneity) 
HSD rats are an outbred strain, but the animals used were from a closed colony. 

[0063] Each rat was anesthetized with an intra-peritoneal injection of 120 mg/kg body weight 

ketamine (Webster Veterinary Supply, Sterling, MA) and 15 mg/kg body weight xylazine (Webster 

Veterinary Supply). The sciatic nerve on the right side was exposed, transected, and 5 mm of nerve 
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was removed. The ends of the graft were trimmed immediately prior to implantation to attain a clean- 
cut, 10 mm graft. The graft was sutured to both the proximal and distal nerve ends using 10-0 vicryl 
sutures (Ethicon, Somerville, NJ). The muscle was drawn back together with 5-0 chromic gut sutures 
(Ethicon), and the skin was closed with wound clips (Becton Dickinson, Sparks, MD). Surgical 
5 methods were in accordance with regulations established by the National Research Council in the 
Guide for the Care and Use of Laboratory Animals. 

[0064] Immunogenicity of Grafts Evaluated with Histology. The grafts were harvested 28 days after 
implantation. Each animal was re-anesthetized, and the nerve graft was exposed. Prior to harvesting, 
the graft was fixed for 1 minute with 3% glutaraldehyde/4% paraformaldehyde in phosphate buffered 
10 saline (PBS). Then, the sciatic nerve was transected 5 mm above and below the graft, the distal end 
was marked with a stitch, and the graft was placed in fixative at 4°C. After 30 minutes, the graft was 
transferred to PBS and stored at 4oC until it was embedded in paraffin. 

[0065] Histology was used to inspect the allografts for signs of immunological rejection. The tissue 
was dehydrated with graded alcohol solutions and xylene, and then embedded in paraffin. 

15 Longitudinal sections of tissue 7 urn thick were cut with a microtome and captured on glass slides. 
Immunostaining was performed with anti-CD8a+ (Pharmingen, San Diego, CA) and anti-macrophage 
(Chemicon, Temecula, CA) primary antibodies. Horseradish peroxidase (HRP) tagged secondary 
antibodies, 3,3' diaminobenzidine (DAB) substrate (Vector Labs, Burlingame, CA), and an eosin 
counterstain were used to visualize the invading cells. The stained sections were visualized on an 

20 Olympus DC70 (Melville, NY) inverted microscope, and the images were captured with an Optronics 
MagnaFire (Goleta, CA) digital color camera. After capturing images of the stained tissue sections, 
the images were combined in Adobe Photoshop to create a composite of the entire graft. Using Scion 
Image software (Scion Corporation, Frederick, MA), the percentage of area of the graft covered with 
positively stained CD8+ and macrophage cells was determined. 

25 [0066] Acellular Graft Models Compared In Vivo. To study the impact of cellular debris and 
structural preservation on regeneration, three acellular graft models were examined in vivo. 
Optimized acellular grafts, grafts created with the Sondell protocol, and freeze/thaw grafts were 
created as described in the Materials and Methods section. Fresh grafts were also included in the 
experiments as a positive control. Fresh isografts are a mimic of the clinical autograft. The optimized 

30 acellular grafts and Sondell grafts were prepared within 30 days of implantation. The time between 
harvest and implantation of the freeze/thaw grafts and fresh grafts was never longer than 30 minutes. 
Donor and host animals were HSD rats. 
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[0067] Histological Comparison of Decellularized Tissues. A comparison of the ECM structure in 
the acellular grafts prior to implantation was conducted by visualizing the basal laminae. The grafts 
were prepared as previously described, but were never surgically implanted or fixed. The grafts were 
embedded and cross-sectioned. An anti-laminin primary antibody (Developmental Studies 
Hybridoma Bank, Iowa City, 10) and a TRITC-conjugated goat anti-mouse secondary antibody 
(Jackson ImmunoResearch, West Grove, PA) were employed in the immunostaining procedure. 

[0068] Regenerative Capacity of Grafts Evaluated with Histology. As summarized in Table 3, 
animals with each of the four grafts used in the acellular model comparison were harvested 28 days 
after implantation. The remaining animals were used to evaluate regeneration after 84 days. Prior to 
the 84-day time point, however, seven animals were put down due to automutilation of their toes (n=l 
fresh graft, n=2 freeze/thaw grafts, n=l Sondell grafts, n=3 optimized acellular grafts). To evaluate 
the regenerative potential of the three acellular graft models, longitudinal tissue sections were stained 
for regenerated axons using an anti-neurofilament primary antibody called RT97 (Developmental 
Studies Hybridoma Bank), an HRP-conjugated secondary antibody, and DAB. Subsequently, cross 
sections were cut from the midpoint of the grafts and stained for neurofilaments. The stained sections 
were visualized with a 20X objective and images were captured with the digital camera. A 20 cm X 
16 cm image was printed for each sample. The number of nerve fibers in each image was counted, 
and the area of nerve cable in the image was measured. Because a portion of the nerve cable had 
been removed by sectioning the tissue longitudinally prior to taking cross-sections, the total number 
of axons in each nerve cable could not be determined. Instead, axon density was calculated by 
dividing the number of nerve fibers by the area of the cable from which the count was taken. Select 
specimens were not used in the axon density analysis because less than 33% of the nerve cable 
remained after the sample was sectioned longitudinally. The number of samples analyzed for each 
graft and time point is reported with the axon density data. Regions of connective tissue at the 
periphery of the graft, based on morphological evaluation, were excluded from the analysis. 



Table 3: 


Implants to Evaluate the Regenerative 


Capacity of Optimized Grafts 


Graft Type 


Total Put 
Implants Down 
Early 


Harvested Harvested Usable Usable Unusable Unusable 
(28 days) (84 days) Cross- Cross- Cross- Cross- 
Sections Sections Sections Sections 
(28 davs) t84 davs* (2X dav^ (*d rtav^ 


Fresh 


15 0 


9 


6 


8 5 


1 1 


Sondell 


11 0 


6 


5 


6 3 


0 2 


Freeze/Thaw 


10 0 


6 


4 


6 3 


0 1 


Optimized 
Acellular 


18 3 


9 


6 


7 5 


2 

1 



21 



[0069] Statistical Analysis. The Student's t-Test was performed to determine the statistical 
significance of the differences between results. A significance level of p<0.05 was used as the cutoff 
(i.e., p values are reported only for cases in which p<0.05). 

[0070] Using the present invention the native, cell-free tissue replacement grafts were 
immunologically tolerated. To evaluate the immunological response by a host to the optimized 
acellular grafts, four experimental conditions were tested with sciatic nerve graft implants (Table 2). 
A fresh isograft was used to establish the inflammatory and immune response that results from 
surgery alone. This served to mimic the current clinical approach (i.e., autograft) for nerve repair 
(positive control). The fresh allograft established the cellular response associated with cell-mediated 
rejection (negative control). The acellular allografts were used to determine if there was a reduction 
or avoidance of immunological rejection by decellularizing the grafts. Finally, acellular isografts 
were used to determine the immune response that resulted from the processing technique and any 
residual chemicals remaining in the graft after decellularization. 

[0071] By staining longitudinal sections of the grafts for cytotoxic T-cells and macrophages, the 
level of cell-mediated immune response was determined. CD8+ cytotoxic T-cells were visualized by 
staining for CD8 cell surface markers. Elevated levels of cytotoxic T-cells are expected in tissues 
undergoing cell-mediated rejection. Increased levels of macrophage cells are also expected in 
rejected allografts. However, macrophages are also recruited during Wallerian degeneration to clear 
debris and release neurotrophic factors for regenerating nerves. At 28 days, both cell types could be 
seen throughout the full length of all the grafts (Figures 4, 7). 

[0072] Figures 4A, 4B, 4C and 4D are longitudinal sections of tissue that were cut from (4A) fresh 
isografts, (4B) fresh allografts, (4C) optimized acellular isografts, and (4D) optimized acellular 
allografts that were harvested 28 days after implantation. The tissue sections were stained for CD8, a 
surface marker on cytotoxic T-cells. The level of staining in the fresh allografts was visibly higher, 
but the optimized acellular grafts appeared indistinguishable from the fresh isografts. Scale bar = 200 



um. 



[0073] Figure 5 is a graph that summarizes the cell-mediated immune response in the fresh and 
acellular nerve grafts was evaluated by determining the percentage of tissue covered by CD8+ cells. 
The infiltration of CD8+ cells into the fresh allografts was higher than into the fresh isografts 
(p<0.01) and the acellular grafts (p<0.005). Fresh allografts demonstrated a statistically significant 
elevation in CD8+ cells. The optimized acellular isografts and allografts were statistically 
indistinguishable from the fresh isografts, indicating that after 28 days, cell-mediated immune 
rejection was only occurring in the fresh allografts. 
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[0074] Figures 6A, 6B, 6C and 6D are longitudinal sections of tissue were cut from (6A) fresh 
isografts, (6B) fresh allografts, (6C) optimized acellular isografts and (6D) optimized acellular 
allografts that were harvested 28 days after implantation. The tissue sections were stained for 
macrophages, immune cells involved in Wallerian degeneration, nerve regeneration, and tissue 
inflammation. Scale bar = 200 urn . 

[0075] Meanwhile, the levels of CD8+ cells in the acellular isografts and allografts were lower than 
those observed in the fresh isografts (p<0.05). Macrophage invasion into the fresh isografts was lower 
than into the fresh allografts (p<0.05), but the differences between other grafts were not statistically 
significant. 

[0076] Figure 7 is a graph that summarizes the level of macrophages present in fresh and acellular 
nerve grafts after 28 days was evaluated by determining the percentage of area stained in longitudinal 
tissue sections. Fresh allografts demonstrated a statistically significant elevation in macrophages 
compared to fresh isografts. The optimized acellular isografts and allografts were statistically 
indistinguishable from the fresh isografts, the fresh allografts, and each other, suggesting that any 
residual chemicals in the graft did not cause a significant inflammatory response. Thus, histological 
examination of the levels of CD8+ cells and macrophages that infiltrated the acellular grafts 
suggested that the decellularization process averted cell-mediated rejection of the grafts. 

[0077] Optimized Grafts Support Regenerating Axons. The capacity of the optimized acellular graft 
to support nerve regeneration was tested by examining the growth of axons through the various nerve 
isografts after 28 and 84 days. All the grafts were isografts, harvested from and implanted into HSD 
rats. The grafts that were tested included: (1) fresh isografts, (2) optimized acellular grafts, (3) grafts 
created with the Sondell protocol, and (4) freeze/thaw grafts. This was accomplished by staining 
longitudinal sections and cross-sections of the grafts for neurofilaments (i.e., cytoskeletal proteins 
found in axons). At 28 days, new axons had grown completely across the grafts. 

[0078] Figures 8A, 8B and 8C show the Axonal regeneration through acellular nerve grafts was 
demonstrated by staining longitudinal tissue segments for neurofilaments. The random patterns in the 
axons at the junctions of the proximal nerve and graft (8A) and the graft and distal nerve (8C) suggest 
a lack of guidance as the axons crossed into and out of the graft. However, at the midpoint of the 
graft (8B) the axons were highly aligned, suggesting that they were guided by the extracellular 
structure of the graft. Suture marks (S) at the nerve/graft junction can be seen in images A and C. 
Scale bar = 100 um. 
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[0079] The axons appeared to meet some resistance in crossing from the proximal nerve end into the 
graft and from the graft into the distal nerve end, as demonstrated by the non-linearity in 
neurofilaments around the suture points on both ends of the graft (Figure 8A, 8C). However, once the 
axons extended into graft, they appeared to grow linearly, as demonstrated by the parallel 
neurofilaments at the midpoint of the graft (Figure 8B). Similarly, once the axons found their way 
into the distal end of the graft, they appeared to grow linearly in the distal direction (data not shown). 
The same basic pattern was observed in the 84-day acellular nerve grafts. Thus, the optimized 
acellular nerve grafts supported axonal regeneration and guided the axons toward the distal nerve end. 
[0080] Optimized Decellularization Process Preserves the ECM. Images of tissue sections stained 
for laminin allow for the comparison of basal laminae preservation by the decellularization protocols. 
Figures 9A, 9B, 9C and 9D are cross-sections of basal laminae were visualized by the staining of 
laminin protein. The ring-like appearance of the open tubes in (9A) fresh nerve tissue, (9B) tissue 
decellularized with the optimized protocol, and (9C) tissue decellularized with the freeze/thaw 
protocol suggest the preservation of the basal laminae. Rings are difficult to distinguish in (9D) the 
Sondell treated tissue, suggesting that the basal laminae were damaged during the decellularization 
treatment. Scale bar = 10 urn . 

[0081] The ring-like structures in native nerve tissue are open columns of basal laminae (Figure 9A), 
and similar structures are apparent in the tissue treated with the optimized decellularization protocol 
(Figure 9B) and the freeze/thaw protocol (Figure 9C). In the tissue created with the Sondell treatment 
20 (Figure 9D), the basal laminae appear highly fragmented. 

[0082] Regenerative Capacity of Optimized Graft Surpasses other Acellular Models. In addition to 
visually examining the growth of axons through the grafts, axon density at the midpoint of the grafts 
was determined. The same acellular and fresh isografts that were harvested 28 and 84 days after 
implantation and sectioned longitudinally were subsequently cross-sectioned at the midpoint of the 
grafts. The sections were then stained for neurofilaments and the axon density in each section was 
determined. In the 28 day grafts, the fresh grafts (n=9) and optimized acellular grafts (n=7) were 
nearly identical with axon densities of 0.9 and 0.98 axons/100 um2, respectively. 
[0083] Figures 10A and 10B are graphs that show the regenerative capacity of four nerve graft 
models was evaluated by measuring axon density in cross-sections of the grafts (10A) 28 days after 
.mplantation and (10B) 84 days after implantation. Fresh isografts served as a model for the autograft 
(positive control). Axon density in the fresh grafts and the optimized acellular grafts was statistically 
indistinguishable. Freeze/thaw grafts had the lowest axon density, implying that the presence of 
cellular debris may reduce the regenerative capacity of an acellular graft. The Sondell grafts also 
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demonstrated a statistically lower axon density than the optimal acellular grafts, suggesting that 
preservation of the ECM increased the regenerative capacity of acellular grafts. 

[0084] The freeze/thaw grafts (n=5) had 0.50 axons/100 um2, and the Sondell grafts (n=6) had 0.69 
axons/100 um2. Axon density in the freeze/thaw grafts was statistically lower than in the fresh grafts 
and the optimized acellular grafts (p«0.01). The axon density in the Sondell grafts was also 
statistically lower than in the fresh grafts (p<0.01) and the optimized acellular grafts (p<0.05). 

[0085] For the grafts harvested after 84 days, the fresh grafts (n=5) and optimized acellular grafts 
(n=5) were again not statistically different, with axon densities of 0.73 and 0.92 axons/100 um2, 
respectively (Figure 10B). The freeze/thaw grafts (n=3) had 0.10 axons/100 um2, and the Sondell 
grafts (n=3) had 0.23 axons/100 um2. Axon density in the freeze/thaw grafts was statistically lower 
than in the fresh grafts (p<0.05) and the optimized acellular grafts (p<0.05). The axon density in the 
Sondell grafts was not statistically lower than in the fresh grafts, but was statistically lower than in the 
optimized acellular grafts (p<0.05). 

[0086] Since cellular debris is not removed by the freeze/thaw decellularization process and the ECM 
is damaged by the Sondell decellularization process, the higher axon densities at 24 and 84 days in 
the optimized acellular grafts suggest that removing cellular debris and preserving the ECM in 
acellular nerve grafts improve the regenerative capacity of the grafts. 

[0087] An alternative method for treating severed peripheral nerves is needed to avoid the 
requirement of multiple surgeries, donor site morbidity, and other drawbacks associated with the 
autograft. Acellular nerve grafts are derived from donor nerve tissue, so they are composed of 
proteins endogenous to nerve tissue. Because of their natural composition and the fact that axons 
preferentially grow through the basal lamina tubes found in nerve tissue, acellular nerve grafts exhibit 
potential for use as a next generation nerve graft. The present inventors found that improving the 
decellularization process to yield a better-preserved ECM leads to an improvement in regeneration. 
However, in order for the optimized acellular grafts to be used clinically, they must also be 
immunologically tolerated. As discussed hereinabove, a method of removing the cellular material 
responsible for immunological rejection was developed that also preserved the ECM of nerve tissue. 
The grafts created with the optimized decellularization treatment were studies in vivo to determine if 
they are in fact immunologically tolerated and how well they support nerve regeneration. 

[0088] Cellular antigens are predominantly responsible for the immunological rejection associated 
with nerve allografts, particularly the antigens associated with Schwann cells, endothelial cells and 
macrophages. The removal of cellular components from the graft by the optimized protocol was 
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correlated with the immunological response of a host animal of a different strain than the donor 
animal. The major histocompatibility complex (MHC) of the rat is called RT1 and is highly 
polymorphic. Rat strains can be characterized by their RT1 haplotype (e.g., RTlb, RTd, RT11). 
Matching of haplotypes plays a predominant role in allograft survival. Gulati, et al., demonstrated 
that in allografts involving stains of different RT1 haplotypes, the increased presence of immune cells 
associated with rejection was readily detectable at 28 days. Thus, fresh nerve tissue from an HSD rat 
(RT1 b) implanted into a Lewis rat (RT1 1) (i.e., a fresh allograft) should display signs of 
immunological rejection after 28 days. Similarly, an acellular allograft should be rejected if the graft 
contains membrane-bound antigens associated with the RT1 haplotype. 

[0089] Rat cytotoxic T-cells carry a CD8 cell surface marker (i.e., they are CD8+ cells), and the 
presence of cytotoxic T-cells is an important indicator of cell-mediated graft rejection. However, a 
moderate number of CD8+ cells that are not cytotoxic should be present in any nerve graft after 28 
days, whether or not it is being rejected. The non-cytotoxic CD8+ cells are a subset of macrophages 
that are known to invade after sciatic nerve injuries, even in the absence of immunological rejection. 
Macrophages are immune cells that respond to nerve injury, clear cellular debris during nerve 
degeneration, and support regeneration by inducing and producing growth factors. In the case of a 
rejected allograft, higher numbers of macrophages should be present. However, macrophages also 
respond to other cues in the regenerating nerve, so an increase in macrophages without a concomitant 
increase in CD8+ cells does not indicate rejection. Thus, the presence of CD8+ and macrophage cells 
was anticipated in all four grafts being tested. A statistically significant increase in both CD8+ and 
macrophage cells in a graft, when compared to a fresh isograft, however, would indicate that the graft 
was undergoing cell-mediated rejection. 

[0090] It was found that fresh allografts did exhibit a statistical increase in both CD8+ cells and 
macrophages, compared to fresh isografts (Figures 5 and 7). The acellular grafts did not show any 
increase in CD8+ cells, compared to fresh isografts, indicating that they did not elicit cell-mediated 
immune rejection. If residual cellular antigens in the acellular grafts were eliciting cell-mediated 
rejection, the acellular allografts should have demonstrated a higher level of CD8+ cells than the 
acellular isografts. Similarly, the level of macrophages in the acellular allografts should have been 
higher than in the acellular isografts if the allografts were being rejected. Because the levels of 
immune cells (i.e., both CD8+ cells and macrophages) in the acellular isografts and allografts were 
similar to one another, the acellular grafts were not undergoing immunological rejection. 

[0091] Macrophage invasion into the acellular grafts did appear to be slightly higher than that in the 
fresh isografts, though not significantly. One possible cause for the elevation in the level of 
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macrophages in the acellular grafts compared to the fresh isografts is that the open basal lamina tubes 
and the absence of myelin allowed a higher number of macrophages to invade and remain inside the 
acellular grafts. This may be beneficial since macrophages produce growth factors. In summary, by 
removing cellular components from nerve tissue, the antigens that would normally initiate cell- 
mediated immunological rejection of an allograft were removed, and the acellular grafts were 
immunologically tolerated after 28 days in vivo. 

[0092] Regenerative Capacity Correlates to Graft Structure and Content. When engineering the 
optirmzed acellular grafts, the two major goals were to remove cellular material and to provide 
structural support for regenerating nerves. Accomplishing those two goals led to .mproved levels of 
regeneration in comparison to the levels seen with other acellular grafts. The importance of structural 
support was evident with histological examination of longitudinal tissue sections. Axons grew 
lmearly in regions of defined structure (e.g., in the nerve graft and distal nerve cable), but their path 
was irregular in the regions where the graft was attached to the nerve ends (Figures 8A - 8C) The 
^regular patterns were potentially caused by the misalignment of basal laminae at the junctions 
between the nerve ends and the graft. As the axons crossed into and out of the graft, they had to find 
new basal laminae to provide them with guidance. 

[0093] In addition to providing guidance, the optimized acellular grafts also supported higher axon 
densities after 24 and 84 days than the other published acellular graft models (Figures 10A and 10B) 
The lowest axon densities were found in the freeze/thaw grafts. While the structural preservation in 
the freeze/thaw grafts was similar to that in the optimized grafts (Figures 9A - 9D), the freeze/thaw 
procedure was the only decellularization procedure that did not wash dead cells out of the grafts 
Thus, a correlation was suggested between the presence of cell debris and a reduction in the level of 
nerve regeneration. The primary difference between the Sondell protocol and the optimized 
decellularization protocol was preservation of the ECM (Figures 9A - 9D). Consequently, the higher 
axon density in the optimized acellular grafts suggests that providing regenerating axons with an 
ECM structure that mimics that of native nerve is important for maximizing regeneration in an 
acellular graft. The importance of these factors appears to become more evident over longer time 
periods, with the optimized graft demonstrating axon densities 910% higher than the freeze/thaw graft 
and 40 1 % higher than the Sondell graft after 84 days. 

[0094] Since fresh isografts were the only grafts that contained living cells (e.g., Schwann cells and 
macrophages) that aid regeneration, they were expected to support higher axon densities than any of 
the acellular grafts. However, the data suggest that in 10 mm nerve grafts, the combination of 
desirable structure and the removal of cellular debris were sufficient to attain axon densities 
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statistically indistinguishable from those in fresh isografts (Figures 10A and 10B). In the case of 
longer grafts, however, the need for support cells will probably become more crucial. To address 
injuries with longer gaps, cells (e.g., Schwann cells) may be incorporated into the optimized acellular 
grafts prior to implantation. 

5 [0095] Because the optimized acellular graft disclosed herein is a simpler system than the autograft, 
it serves as a tool to study individual cells or growth factors by selectively incorporating them into the 
graft. The natural structural environment of this acellular graft makes it an ideal model for 
conducting such experiments. As more information is gained about the role of the ECM, support 
cells, and growth factors, better therapeutic systems may be engineered for stimulating nerve 
1 0 regeneration and an off-the-shelf replacement for the autograft can be developed, possibly using this 
graft as the structural foundation. 

[0096] While specific alternatives to steps of the invention have been described herein, additional 
alternatives not specifically disclosed, but known within the art, are intended to fall within the scope 
of the present invention. Thus it is understood that other applications of the present invention will be 
1 5 apparent to those skilled in the art upon the reading of the described embodiments and a consideration 
of the claims and drawings. 
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